HEMODYNAMIC FORCES, including mechanical stretch resulting from pulsatile blood flow or diastolic filling, have been implicated in vascular growth (7, 8, 15, 27, 29) . Using an in vitro stretch model to mimic a hemodynamic event, we demonstrated that mechanical stretch of coronary microvascular endothelial cells (EC) and cardiac myocytes stimulates vascular endothelial growth factor (VEGF) gene expression and protein secretion (40) . When EC were cultured in conditioned medium from cardiac myocytes that had been stretched, they displayed increased proliferation, migration, and tube formation. Receptor kinase-mediated signaling in EC is essential for angiogenesis. These receptors consist of two major subfamilies: VEGF receptors and Tie. All these receptors are vital for the formation and growth of blood vessels.
The VEGF receptor family (10) consists of three members: receptor-1 (Flt-1), receptor-2 (Flk-1), and receptor-3 (Flt-4). VEGF-A, -C, -D, and -E are ligands for Flk-1, and VEGF-A and -B and placental growth factor are ligands for Flt-1; VEGF-C and -D are also ligands for Flt-4. Thus VEGF receptors, expressed in EC, and their ligands, secreted by myocardial cells, constitute a paracrine signal transduction system. Although Flk-1 has been generally regarded as the major regulator of vasculogenesis and angiogenesis (32) , our recent work on explanted embryonic hearts suggests a role for Flt-1 in these events (33, 35) . Moreover, placental growth factor, which is able to occupy and saturate the Flt-1 receptor, is capable of increasing angiogenesis in vivo and in vitro (25) .
Tie-1 and Tie-2 tyrosine kinase receptors are found on EC and hematopoietic cells in all species (18, 31) , and angiopoietins (Ang) 1-4 have been described as ligands for Tie-2 (37) . Ang-1 has been shown to be responsible for recruiting and sustaining periendothelial cells (30) . It has been reported that Ang-2 disrupts angiogenesis in the developing embryo by antagonizing Ang-1-induced autophosphorylation of Tie-2 (23) . Ang-1 is widely expressed, along with Tie-2, in adult tissues; Ang-2 is expressed, along with VEGF, at vascular remodeling sites. Accordingly, it has been suggested that the stabilizing action of Ang-1 might be blocked by Ang-2 and, thereby, contribute to vascular remodeling. This appears to be consistent with the finding that, in the presence of VEGF, Ang-2 promotes a rapid increase in capillary diameter, basal lamina remodeling, proliferation, and migration (22) .
Most of the studies regarding the effects of growth factors and their receptors have been based on human umbilical vein EC (HUVEC) (1, 13, 24) . Recently, Chang and colleagues (1) reported that stretch of HUVEC increased the levels of Ang-2 and Tie-2 protein. However, EC are morphologically and functionally heterogeneous, with the greatest differences occurring between cells from the macro-and microcirculations, as documented in a variety of tissues. Previous studies have not determined whether cyclic stretch of microvascular EC alters tyrosine kinase receptor protein levels.
In the present study, we tested the overall hypothesis that mechanical stretch directly regulates tyrosine kinase receptors in rat coronary microvascular EC (RCMEC). Accordingly, our study addressed the expression of Flk-1, Flt-1, and Tie receptors and angiopoietins in RCMEC and HUVEC in response to cyclic stretch. We also tested the hypothesis that stretch may increase sensitivity of EC to VEGF via the upregulation of tyrosine kinase receptors. HUVEC were also studied to determine whether the two cell types respond similarly to cyclic stretch. The in vitro experiments described here complement our in vivo studies that suggest increased myocardial perfusion or ventricular fielding as possible stimuli for coronary angiogenesis (3, 20, 34, 40) .
MATERIALS AND METHODS
Endothelial cells and cardiac myocytes were obtained from Sprague-Dawley rats according to procedures approved the University of Iowa Animal Care and Use Committee in accordance with the regulations of the Animal Welfare Act of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
EC Cultures
After the rat was heparinized and anesthetized, the heart was removed and placed in ice-cold minimal essential medium (Joklik's modified buffer) and then placed on a Langendorff apparatus. RCMEC were isolated by collagenase perfusion as previously described (41) . Collagenase (0.7 mg/ml) was introduced into the perfusate and allowed to recirculate for 30 -40 min. The ventricles were minced and placed in fresh collagenase-containing perfusate. The cells were dispersed, filtered through a double layer of cheesecloth. After the resulting suspension was allowed to settle, myocytes were separated from RCMEC. Further purification of RCMEC was accomplished by sequential filtration through a series of 90-, 45-, 25-, and 15-m nylon screens. We confirmed RCMEC identity by the uptake of modified low-density lipoprotein and/or positive staining for factor VIII-related antigen. RCMEC from three hearts were pooled into four 100-mm gelatin-coated culture dishes. Cells were cultured at 37°C under 10% CO 2 in 10 ml of Dulbecco's modified Eagle's medium (DMEM) supplemented with 20% fetal bovine serum (FBS), 2 mM L-glutamine, 20 mM D-glucose, 20 U/ml heparin, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 g/ml streptomycin. HUVEC were purchased from American Type Culture Collection (Manassas, VA) and incubated in growth medium. After the EC neared confluence, they were passaged by trypsinization in Dulbecco's PBS containing 0.25% trypsin and 0.02% EDTA and used for experiments at passages 3-4.
Primary Cardiac Myocyte Cultures
To determine expression of angiopoietins in cardiac myocytes, primary cardiac myocyte cultures were prepared from ventricles of 2-day-old Sprague-Dawley rats as previously described (41) . Briefly, minced ventricular myocytes were placed in buffer containing (in mM) 140 potassium glutamate, 16 NaHCO 3, 0.5 NaH2PO4, 25 HEPES, 16.5 dextrose, and 0.014 phenol red (Hybridoma Facility at the University of Iowa). Cell dispersion was accomplished by digestion with 0.3% collagenase and then with 0.1% trypsin at 37°C until all tissue was dissociated. The dissociated cells were preplated into a 100-mm culture dish for 1 h in DMEM containing 10% FBS to eliminate the contamination of nonmyocytes. Myocyte-enriched suspensions were removed, and cells were cultured for 48 h in 10% FBS-DMEM containing 1 mM sodium pyruvate and antibiotics. More than 90% of the cells were beating at the end of the experiment.
Application of Cyclic Stretch to Cultured Cells
To produce cyclic stretch in vitro, we employed a computerized Flexercell strain unit (Flexcell International, McKeesport, PA). EC or cardiac myocytes were seeded on a Bioflex culture plate with a type I collagen substrate. After serum starvation for 16 h, cultured cells were subjected to a 15% average surface elongation at 30 cycles/min (1 s of stretch followed by 1 s of relaxation) for various time periods. This protocol was selected to provide a dynamic near-physiological strain stimulus. Controls consisted of cells seeded on the Bioflex culture plate but not subjected to cyclic stretch.
Western Blot Assay
As previously described (41) , to observe expression of receptor or growth factor protein, cells were lysed by addition of 0.1 ml of radioimmunoprecipitation buffer (1% NP-40, 0.5% sodium deoxycholic acid, 0.1% SDS in PBS, 1 mol/l leupeptin, 5 mol/l aprotinin, 1 mmol/l phenylmethylsulfonyl fluoride, and 1 mol/l pepstatin) for each Flexcell plate well. Protein extracts (50 g) were separated with 7.5-10% SDS-PAGE, transferred to a nitrocellulose membrane (Schleicher and Schuell, Keene, NH) by electrotransfer, and blocked with 3% nonfat milk for 0.5 h at room temperature. The blots were incubated with Flk-1, Flt-1, Tie-1, and Tie-2 rabbit polyclonal IgG (Santa Cruz Biotechnology, Santa Cruz, CA) and Ang-1 and Ang-2 polyclonal antibodies (Chemicon International, Temecula, CA) diluted 1:200 -1:400 in 3% nonfat milk. The antigen-antibody complexes were visualized using anti-rabbit IgG-horseradish peroxidase (Santa Cruz Biotechnology) diluted 1:2,000 -1:5,000 and an enhanced chemiluminescence detection system (Pierce).
RT-PCR
Total RNA (2 g) from RCMEC was reverse transcribed in 20 l of reaction volume containing 250 ng of random primers, 0.5 mmol/l each dNTP, 50 mmol/l Tris ⅐ HCl (pH 8.3), 75 mmol/l KCl, 3 mmol/l MgCl 2, 10 mmol/l dithiothreitol, and 200 U of Moloney's murine leukemia virus reverse transcriptase (Life Technologies, Rocha Applied Science, Indianapolis, IN). After 1 h of incubation at 37°C, samples were heated to 80°C for 10 min and then chilled on ice. Thermal cycling of 2 l of cDNA from the reverse transcriptase mix was performed using the following specific primers: 5Ј-TAAAAGGCACCCAGCACGTCATGC-3Ј (sense) and 5Ј-GCAGTC-CTATCTCTTTGTACGTTGC-3Ј (antisense) for rat Flt-1 gene and ATTGACGTGAAGATCAAGAATGCCACC (sense) and ATCCG-GATTGTTTTTGGCCTTCCTGTT (antisense) for Tie-2 gene. PCR resulted in a 507-bp band for Flt-1 and a 375-bp band for Tie-2 expressed in the rat. Coamplification of the same cDNA was performed for rat GAPDH as an internal standard with the following primers: 5Ј-AGGTCGGTGTCAACGGATTT-3Ј (sense) and 5Ј-CAGCATCAAAGGTGGAGGAA-3Ј (antisense). Primers, obtained from the DNA facility at the University of Iowa were added to the reaction mixture containing 50 mmol/l Tris ⅐ HCl (pH 8.3), 1.5 mmol/l MgCl 2, 50 mmol/l KCl, 0.2 mmol/l each dNTP, and 2.5 U of Taq polymerase in a final volume of 50 l. Amplification was performed in a ThermoCycler using the following parameters: 94°C for 1 min, 57°C for 1 min, and 72°C for 1 min (25 and 30 cycles). The products were separated on a 1.2% agarose gel along with a 100-bp DNA ladder, and the bands were visualized with ethidium bromide and then excised, and their DNA sequences were determined.
RCMEC Proliferation in Response to Cyclic Stretch and VEGF
We measured RCMEC proliferation to determine whether 1) it is enhanced by cyclic stretch and 2) stretch influences the proliferative response to exogenous VEGF. An In Situ Cell Proliferation Kit (FLOUS, Roche Applied Science, Indianapolis, IN) was used to detect 5-bromo-2Ј-deoxyuridine (BrdU) incorporated into cellular DNA by flow cytometry and immunocytochemistry using a fluorescein-conjugated monoclonal antibody. RCMEC (1 ϫ 10 5 cells/ml) were plated on the Flexcell culture plates and starved with DMEM containing 2% FBS for 16 h after the cells reached 70 -80% confluence. Recombinant VEGF protein (50 ng/ml, R & D Systems) was added to the medium, and RCMEC were exposed to cyclic stretch for 18 or 24 h. At the end of the experiments, RCMEC were incubated with BrdU labeling solution for 60 min at 37°C according to the instruction of the manufacturer. The cells were trypsinized and resuspended in PBS and fixed for 30 min at 4°C, and RCMEC were incubated in 500 l of HCl denaturation solution for 20 min. After the cells were washed in PBS, 50 l of anti-BrdU-FLUOS antibody working solution were added.
After 30 min, the cells were washed with PBS, and 1 g/ml propidium iodide was added. The numbers of BrdU-positive cells were determined by flow cytometry (University of Iowa Flow Cytometry Facility).
Statistical Analysis
Values are means Ϯ SE of three experiments. For each experiment, six wells of cultured cells were combined from each group. ANOVA and the t-test were used for comparisons of more than two groups. Significance of mean differences was noted when P Ͻ 0.05.
RESULTS

Cyclic Stretch Upregulates Expression of Flk-1 in EC
Western blot assays documented that cyclic stretch produced upregulation in Flk-1 protein expression in RCMEC and HUVEC in a time-dependent manner (Fig. 1) . Normalized to the amount of GAPDH, RCMEC Flk-1 protein was increased within 6 h (1.44 Ϯ 0.15-fold) and remained elevated up to 24 h (2.17 Ϯ 0.46-fold). In HUVEC, the upregulation of Flk-1 protein (1.69 Ϯ 0.27-fold increase) was observed 18 h after stretch, but the increase in magnitude was lower throughout the time course in HUVEC than in RCMEC.
To determine whether Flk-1 upregulation is a consequence of stretch, rather than a response to increases in VEGF, we added the anti-VEGF neutralizing antibody (R & D Systems) to the medium before stretch of RCMEC for 18 h. Compared with the nonstretched group, cyclic stretch upregulated the Flk-1 protein in the presence or absence of the antibody (Fig.  2) . In the nonstretched RCMEC, Flk-1 protein was similar with or without the addition of anti-VEGF neutralizing antibodies. These data indicate that VEGF is not involved in stretchmediated upregulation of Flk-1 expression.
In contrast, Flt-1 protein level was not altered by cyclic stretch in either EC type (Fig. 3A) . Because Flt-1 protein did not increase in response to stretch, we considered the possibility that an increase in protein was delayed. Accordingly, we used RT-PCR to determine whether mRNA was enhanced by stretch. Flt-1 mRNA was not affected by stretch (Fig. 3B) .
Cyclic Stretch Upregulates Expression of Tie Receptors in EC
Cyclic stretch caused an upregulation of Tie-2 protein in RCMEC and HUVEC (Fig. 4A) . However, RCMEC showed higher and earlier expression of Tie-2, which was increased 2.65 Ϯ 0.77-fold at 1 h after stretch and remained elevated to 18 h of stretch (2.2 Ϯ 0.62-fold). In contrast, stretch-induced upregulation of Tie-2 in HUVEC occurred at 18 h and attained a peak increase of 1.89 Ϯ 0.22-fold at 24 h. To verify that the earlier increase of Tie-2 protein was due to the regulation of posttranscription, Tie-2 mRNA was measured by RT-PCR. Tie-2 mRNA was not altered over time by cyclic stretch, as indicated by similar levels in stretched and nonstretched cells (Fig. 4B) . Cyclic stretch also increased the Tie-1 protein level to 1.99 Ϯ 0.34 at 18 h and 2.12 Ϯ 0.23 at 24 h in RCMEC, but not in HUVEC (Fig. 5) . These data indicate that Tie receptor protein in EC is upregulated by cyclic stretch. Moreover, they show that the upregulation of Tie-2, which occurred earlier in RCMEC than in HUVEC, appears to be due to regulation of posttranscription level.
Cyclic Stretch Upregulates Expression of Angiopoietins in Primary Cardiac Myocytes but not in RCMEC
Ang-1 protein was barely detectable, and Ang-2 protein was weak in RCMEC (Fig. 6 ). Because these growth factors function in paracrine signaling, we tested the hypothesis that they are stimulated in cardiac myocytes by stretch. Expression of Ang-1 in neonatal rat primary cardiac myocytes increased 2.31 Ϯ 0.43-and 3.15 Ϯ 1.1-fold over control at 18 and 24 h after stretch, respectively. Ang-2 protein level in primary cardiac myocytes increased (1.5 Ϯ 0.01-fold) only after 24 h of cyclic stretch. These data indicate that angiopoietins are involved in the regulation of EC function via paracrine signaling.
Cyclic Stretch Enhances Sensitivity of EC Response to VEGF
Using BrdU immunofluorescent staining and flow cytometry, we measured cell proliferation in RCMEC stretched for 18 or 24 h with or without the addition of VEGF protein (Fig.  7) . After 18 h of stretch, only small increments in cell proliferation were seen with VEGF with or without stretch. Stretch or VEGF treatment for 24 h caused a significant increase in the number of RCMEC. When the EC were stretched in the presence of VEGF, the number of cells increased nearly threefold, i.e., double the increase noted with stretch or VEGF alone. These data support the hypothesis that cyclic stretch increases the sensitivity of EC to VEGF stimulation.
DISCUSSION
This study was designed to test the hypothesis that cyclic stretch of coronary microvascular EC evokes increases in key tyrosine kinase receptors involved in vasculogenesis and angiogenesis. Our experiments are the first to document stretchinduced upregulation of VEGF receptor-2 (Flk-1), Tie-2, and Tie-1 in coronary microvascular EC in response to cyclic stretch. We also provide new evidence that Tie-2 ligands, Ang-1 and Ang-2, increase in cardiac myocytes subjected to stretch. These findings, together with our previous work that revealed an important role for stretch-activated VEGF mRNA and protein in cardiac myocytes, underscore the importance of paracrine signaling during stretch. Most importantly, our data confirm the hypothesis that cyclic stretch enhances microvascular EC sensitivity to VEGF and, thereby, proliferation. These data, together with our previous study, support a role for stretch in EC and cardiac myocytes in paracrine and autocrine signaling leading to angiogenesis. 
Mechanical Stretch Activates Multiple Growth Factor Pathways
VEGF and VEGF receptor-2. Previous studies have documented increases in VEGF mRNA and protein in response to stretch of the intact ventricle and cyclic stretch of isolated cardiac myocytes (21, 28, 41) . We documented a role for paracrine signaling in cardiac myocytes subjected to stretch by providing evidence that addition of conditioned medium from myocytes subjected to cyclic stretch to coronary EC cultures stimulated proliferation, migration, and tube formation (41) . Moreover, we showed that VEGF was the major factor that stimulated these coronary angiogenic events. Although VEGF levels are very low in EC, cyclic stretch for 18 h raises VEGF protein more than fivefold. Our finding that stretch enhances VEGF receptor-2 (Flk-1) in RCMEC indicates that EC facilitate greater VEGF signaling under this condition. Activation of VEGF receptor-2 also occurs in bovine EC exposed to shear stress, another mechanical factor, and thereby activates Akt and endothelial nitric oxide synthase (17) . Interestingly, shear stress and VEGF induce a transient increase in the downstream IB kinase activity in bovine EC (39) . This activity was prevented by Flk-1 inhibition. These findings indicate that both stimuli share a common pathway and converge on Flk-1.
Because VEGF is increased with stretch in these cells, we considered the possibility that VEGF caused upregulation of Flk-1. Accordingly, we added anti-VEGF neutralizing antibodies to the media of cells before exposing them to stretch. That Flk-1 upregulation is not dependent on VEGF was revealed by the finding that this upregulation occurred in response to stretch, despite the presence of VEGF neutralizing antibodies. It is possible that the level of chemical activation of Flk-1 by VEGF is different from the activation resulting from mechanical stimulation of this receptor by stretch; e.g., VEGF activates the phosphorylation of Flk-1 with short-term stimulation but not receptor protein level with long-term stimulation. Our study also indicates that RCMEC are more sensitive to stretch than HUVEC, because increases in Flk-1 occurred much earlier (6 h) and the increase in protein level was larger.
Angiopoietins and Tie system. Our data suggest that paracrine signaling is the major avenue of communication for the Ang-Tie system with regard to stretch and RCMEC. The Tie-2 receptor increased during cyclic stretch, whereas Ang-1 and Ang-2, which are only weakly expressed in RCMEC, did not. However, stretch of cardiac myocytes enhance the levels of both angiopoietins. By extrapolation of these data to the intact myocardium, the role of paracrine signaling via upregulation of angiopoietins in cardiac myocytes and Tie-2 receptor in EC can be appreciated. Enhancement of Tie-2 in response to stretch (1) or shear stress (19) has been found to occur in HUVEC. In contrast to our findings in RCMEC, cyclic stretch for 6 h increased Ang-2 in HUVEC (1). Our own data indicate that RCMEC and HUVEC respond somewhat differently to cyclic stretch. Tie-2 upregulation occurred within 1 h of stretch in RCMEC, whereas it was not observed until 18 h in HUVEC. Moreover, the maximal increase in Tie-2 was 2.7-and 1.9-fold in RCMEC and HUVEC, respectively. These data underscore the concept that EC phenotype is a determinant in the response to stretch.
Studies in transgenic mouse myocardium indicate that although Ang-2 and VEGF have complementary roles in capillary growth, Ang-1 antagonizes VEGF action (38) . Such findings suggest that balances between these factors appear to be necessary for normal vessel growth. Our own data indicate that Tie-1 protein in RCMEC increased in response to cyclic stretch. In contrast, Tie-1 levels in HUVEC have been reported to acutely decrease during the 1st h of exposure to fluid shear stress before returning to baseline (4). Thus cyclic stretch and fluid shear stress may have contrasting effects on EC. Alternatively, longer periods of fluid shear stress might elicit a response that is different from that after 1-2 h in HUVEC.
Cyclic Stretch Enhances Sensitivity of EC to VEGF Stimulation
EC are regarded as sites of mechanoreception for shear stress, pressure, and stretch (15) . Stretch activates several parameters in EC that influence proliferation and migration, e.g., integrins (5), voltage-gated potassium currents (8) , and hyperpolarizing factor synthase (9) . These findings, along with the evidence that EC growth factors are upregulated, suggest that cyclic stretch affects several factors that contribute to EC proliferation. A recent review notes the importance of cell and extracellular matrix interactions in the regulation of angiogenesis (16) . Distortion of cells and the extracellular matrix causes changes in the cell's cytoskeleton and intracellular biochemistry. Thus capillary EC sense increased tension on their focal adhesions and project migratory processes in the direction of the force. Pulsatile stretch has been found to elicit the release of endothelium-derived hyperpolarizing factor in coronary arteries (26) , which in turn activates Akt, Erk1/2, and p38 MAP kinase (11) . These studies indicating stretch as a trigger for EC proliferation are consistent with our finding that Flk-1 protein level is enhanced by cyclic stretch, because this receptor activates EC signaling via Akt and Erk1/2 (MAP kinases). This increase in Flk-1 protein implies an increase in binding sites for VEGF. Thus we have demonstrated that cyclic stretch stimulates EC proliferation, which is associated with an upregulation of Flk-1 and a marked increase in sensitivity to VEGF.
Angiogenesis can be triggered by mechanical forces other than stretch (14, 15) . Although our study is the first to document specific changes in coronary microvascular cells in response to cyclic stretch, VEGF and angiopoietin responses to shear stress are similar to those that occur in other types of EC. Tie-2 and Flk-1, two genes that contribute to angiogenesis and EC survival, are upregulated by shear stress by bovine aortic VEGF receptor-2 (Flk-1) in bovine EC, a finding consistent with our finding with regard to cyclic stretch of EC (2) . These findings are consistent with our data concerning cyclic stretch of coronary microvascular cells and HUVEC. However, during the 1st h of exposure, fluid shear stress has been found to decrease Tie-1 levels, which then return to baseline (4), whereas our data indicate that cyclic stretch enhances Tie-1. Although Tie-1 is essential for the establishment of an intact vasculature during development (31) , the precise role of this receptor in vascularization is yet to be defined.
One limitation of the present study is a focus on growth factor receptors. Future studies need to address the effects of cyclic stretch on the interactions of the extracellular matrix, cell membrane, and adhesion molecules. Moreover, our findings underscore the concept (12) that VEGFs and angiopoietins work collaboratively in modulating vessel growth and maturation. Such studies are needed to clarify the role of specific entities that cooperate to produce the signaling that affects the precise endothelial end response(s) to stretch. The major contribution of the present study is documentation that coronary microvascular EC growth occurs in response to cyclic stretch by increases in key angiogenic growth factor receptors. These in vitro experiments support the concept that enhanced stretch of the myocardium that occurs with changes in hemodynamics serves as a trigger for upregulation of growth factors and their receptors and, consequently, angiogenesis.
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